Y-chromosomal short tandem repeats (STRs) are used for the study of male aspects of human evolution as well as for forensic applications and paternity testing. Both applications require an understanding of the underlying mutational mechanisms that create variability. We describe complex mutations at the substructured DYS390 STR locus in 97 natives of the New Guinea/Australian region. Sequencing of short alleles in these populations indicates multirepeat deletions. All samples are further characterized using the five additional Y-STR loci DYS19, DXYS156-Y, DYS391, DYS392, and DYS393. Phylogenetic analysis of the resulting haplotypes yields ethnically specific clusters predating the settlement of Australia and Papua New Guinea (although archaic Homo sapiens or Homo erectus lineages are absent). The phylogeny confirms that DYS390 violates the stepwise mutation model and demonstrates that the DYS390 locus mutates relatively rapidly and retains its variability after structural change.
Introduction
Y short tandem repeats (STRs) are gaining increasing importance for the study of male aspects of human evolution, forensic applications, and paternity testing. The advantage of most Y loci (and mtDNA) over autosomal loci is that the former persist from generation to generation as haplotype lineages due to the absence of recombination. This feature allows the application of powerful phylogeographic analyses (Richards et al. 1997) for population studies (Hammer 1995) and permits identification of patrilinearly related males in legal applications (Jobling, Pandya, and Tyler-Smith 1997) . In order to fully exploit the advantages of nonrecombining Y-STRs, knowledge of their mutational mechanisms is required. Empirical studies suggest that STRs conform to a stepwise mutation model, in which most mutations involve the gain or loss of only a single repeat unit, with multirepeat mutations being rare (Weber and Wong 1993; Brinkmann, Möller, and Wiegand 1995; Brinkmann et al. 1998) . We focus on the Y-STR DYS390 because this locus is substructured by a point mutation and alternating repeat motifs ( fig.1) , permitting a precise localization of deletion and insertion events. Also, this locus is commonly used for population genetic (Zerjal et al. 1997) and legal applications (Kayser et al. 1997) .
The structure of this paper is as follows. First, we screened an east Asian and Oceanian sample of 16 population samples comprising 608 individuals for unusual DYS390 allele lengths. Uncommonly short alleles which did not conform to the general unimodal length distribution of DYS390 alleles were discovered particularly in aboriginal Australians, Papuans, and island southeast Asians. Subsequent sequencing of DYS390 alleles revealed a probable multirepeat mutation in the 5Ј region or the loss of a point-mutated unit in the 3Ј region, the latter leading to structural simplification of the locus. In order to reconstruct the historical sequence of these mutation events and to investigate their effects on locus variability, we then employed a phylogenetic approach: Australians, Papuans, and a selection of island southeast Asians were typed in detail using the five additional Y loci DYS19, DXYS156-Y, DYS391, DYS392, and DYS393. Phylogenetic network analyses of the resulting Y haplotypes were then performed to determine approximate relative mutation rates of the loci, independence of multirepeat deletion events, and mutability before and after allele shortening.
Materials and Methods Samples
In the initial screening for unusual DYS390 allele lengths, the following population samples were typed for DYS390 (table 1) : 38 aboriginal Australians from the Northern Territories; 8 aboriginal Australians from the Kimberley area (Kayser et al. 1997; Davies et al. 1990; Goedde et al. 1992) ; 54 Papua New Guinean (PNG) highlanders from the region around Bundi and Gembogl (Goedde et al. 1992; Kayser et al. 1997) ; 8 north coastal PNGs from Madang (Kayser et al. 1997) ; 12 Roro from south coastal PNG; 17 Tolai PNGs from New Britain; 63 PNGs from the Trobriand Islands; 10 West Samoans (De Knijff et al. 1997; Kayser et al. 1997) ; 53 rural Javanese near Jakarta; and 30 aboriginal Taiwanese, namely Ami (Kayser et al. 1997) , Atayal, Bunun, and Paiwan. Subsets of these samples (tables 2 and 3) were also PCR-typed for the Y-STRs DYS19, DXYS156-Y, DYS391, DYS392, and DYS393 and/or sequenced at the DYS390 locus.
Previously published DYS390 allele lengths for east Asians were added to table 1 for comparison: 13 individuals from south Borneo near Banjarmasin (De Knijff et al. 1997; Kayser et al. 1997) , 13 Malays (Deka et al. 1996) , 27 Kachari from northeast India (Deka et al. 1996) Knijff et al. 1997; Kayser et al. 1997) , and 150 Japanese from the Osaka area (De Knijff et al. 1997; Kayser et al. 1997) .
DNA Amplification and Sequencing
In Münster, DNA was extracted from dried blood on cotton (PNG highlanders, Aborigines) using Chelex 100 resin and proteinase K solution (Wiegand, Bajanowski, and Brinkmann 1993) . PCR reactions were performed in a total volume of 25 l containing 2 ng DNA, 1 M of each primer, 2 l 10 ϫ reaction buffer (500 mM KCl, 100 mM Tris-HCl [pH 8.8 at 25ЊC], 15 mM MgCl 2 , 1% Triton X-100), 200 M of each dNTP, 0.5 l BSA (10 mg/ml), and 1 U Taq DNA polymerase. The amplification conditions were 94ЊC for 60 s, followed by 30 cycles of 45 s at 94ЊC, 30 s at 55ЊC, and 30 s at 72ЊC in a Trio Thermoblock thermal cycler (Biometra, Göttingen, Germany). PCR products were electrophoresed at 1.000 V, 40 mA in 20-cm horizontal polyacrylamide gels (6% T, 3% C) using a discontinuous buffer system (Allen, Graves, and Budowle 1989) and subsequently stained with silver (Budowle et al. 1991) . DYS390 PCR products were purified for sequencing using Microcon 100 microconcentrators according to the manufacturer's instructions (Amicon Inc., Beverly, Mass.). Sequencing was carried out on a 9600 thermal cycler (Perkin Elmer Applied Biosystems) using the Taq dye deoxy-terminator cycle sequencing kit, 100-200 ng template DNA, and 10 pmol sequencing (ϭamplifica-tion) primer. Sequencing gels were run on a 373A DNA sequencer (Perkin Elmer Applied Biosystems) at 2.500 V, 40 mA, 30 W for 8 h. PCR-based sizing of the YSTRs DYS19, DXYS156-Y, DYS390, DYS391, DYS392, and DYS393 was performed as described (Kayser et al. 1997) .
In Berlin, DNA was extracted using the standard phenol-chloroform method. Y-chromosomal microsatellite loci were PCR-amplified in a PTC-100 or PTC-200 Peltier Thermal Cycler (MJ Research, Watertown) using the forward PCR primer 5Ј-labeled with indodicarbocyanin-(Cy5)-phosphoramidite, and PCR-products were detected with an A.L.F.express Automated DNA Sequencer (Pharmacia Biotech, Freiburg, Germany) as described in Kayser et al. (1997) . Alternatively, samples were PCR-amplified using the forward primer 5Ј-labeled by T4 polynucleotide kinase with (␥-32 P)ATP (Amersham). Radioactive PCR-products were detected at 1.500 V, 40 mA in 40 cm vertical denaturing 4% polyacrylamide gels. Gels were dried (Geldryer, Biorad, Munich, Germany) and X-ray film exposure was performed according to standard procedures. Prior to DNA sequence analysis of DYS390 alleles, PCR amplification was performed using one primer 5Ј-labeled with Indodicarbocyanin-(Cy5)-phosphoramidit and the other prim- 10 9 10 9 10 9 10 9 9 9 9 9 9 9 9 9 9 9 10 9 9 er 5Ј-labeled with biotin. DNA strand separation of double-stranded PCR-products was carried out using magnetic beads in combination with the streptavidin-biotin technique following the instructions of the supplier (Dynal, Hamburg, Germany). Single-strand DNA sequence analysis was performed using the Sequitherm Cycle Sequencing Kit (Epicentre Technologies, Madison, Wis.). Sequencing products were separated on an A.L.F.express Automated DNA Sequencer (Pharmacia Biotech, Freiburg, Germany) at 1.500 V, 38 mA.
Phylogenetic Analysis
In the phylogenetic analysis, STR lineage evolution was reconstructed using the reduced median network method (Bandelt et al. 1995) . Repeat changes were coded as single steps.
Results and Discussion

Screening and Sequencing of Short DYS390 Alleles
The frequencies of DYS390 allele lengths, as determined by PCR allele sizing, in the Australian and Asian samples are shown in table 1. The mainland Asian populations share a more or less unimodal distribution with allele lengths of 23-25 being the modal lengths, and no unoccupied allele classes are observed. However, in Papuans, Aborigines, and Samoans, unusually short alleles with 18, 19, and 20 repeats are present. This finding motivated sequencing of DYS390 alleles (table 2) . The common allele lengths 21-27 of DYS390 reveal a composite tandem array structure: a stretch of CTAT repeats is interrupted by a block of eight and one CTGT repeats, respectively, and by an incomplete CAT unit ( fig. 1) . Variability in the common 21-27 alleles is restricted to the central CTAT repeat region DYS390.2. In contrast, the uncommon short allele lengths 18, 19 (found in Aborigines), and 20 (found in Papuans and West Samoans) show a different arrangement of their tandem arrays: Allele lengths 18 and 19 ( fig. 1 ) share a deletion of four repeats within the (CTGT) 8 block DYS390.1. This deletion is present in all of the Australian Kimberley samples, but in only a quarter of the (tribally undefined) Australian Northern Territory sample (tables 1 and 2), testifying to considerable ethnic specificity in Aborigines. In Papuan alleles of length 19-22, the CTGT unit (DYS390.3) as well as zero to three repeats of the CTAT motif in the 3Ј segment (DYS390.2 or DYS390.4) are missing ( fig. 1 ), leading to structural simplification of the locus. The allele length, which is given as the overall number of tetranucleotide repeats in segments 390.1-390.4 (Kayser et al. 1997) , therefore does not necessarily reflect the allele structure.
Phylogenetic Analysis
In order to reconstruct the historical sequence of these mutation events and to investigate their effects on locus variability, we employ a phylogenetic approach: Australians, Papuans, and a selection of island southeast Asians are typed in detail using the five additional Y loci DYS19, DXYS156-Y, DYS391, DYS392, and DYS393. A reduced median network ( fig. 2 ) of the resulting Y haplotypes yields a reticulate phylogeny in which all reticulations but one involve DYS390.2. This underlines the hypervariability of DYS390.2, in accordance with the relative mutation rates shown in table 3.
Phylogeographic Specificities
Robusticity tests (akin to bootstrapping for interspecies data) have not yet been developed for sequence phylogenies of population data (Bandelt et al. 1995) . However, confidence in the accuracy of the phylogenies can be drawn from the fact that the phylogenetic analysis is supported by highly distinct ethnic clustering of Y haplotypes: even at the resolution of only six loci, the Papuan and Australian Y types are phylogenetically disjoint, falling into ethnically specific clades, in agreement with the mtDNA study by Stoneking et al. (1990) . This may be surprising, since geography would suggest Papua New Guinea as a candidate prehistoric stepping stone to Australia. The distinction between the Papuans and the Aborigines cannot be explained by male European introgression into the latter, as no Y types are shared with our (unpublished) European data set. The Australian and Papuan clades do not overlap with Asian clades either, but emanate from two consensus nodes near which European-specific and Asian-specific clades emerge. One consensus node is represented in figure 2 by P86 (and by the empty node between Ger10 and Jap11 in fig. 2 of Rolf et al., personal communication) ; the other consensus node is adjacent to the nodes marked by asterisks in figure 2 (and also in fig. 2 of Rolf et al., personal communication) . This quatrifurcation indicates that the Papuan and Australian clades predate the settlement of Australia and Papua New Guinea, although archaic Homo sapiens/Homo erectus lineages are evidently absent in our sample ( fig. 2 ), as such lineages would be expected to have an age at least 10 times greater than those of the founding nodes of Eurasians, Australians, and Papuans. '' prefix (e.g., ''19'' ϭ DYS19) . Parallel links in a reticulation represent the same STR mutation; the order of mutations on a path not interrupted by any branchings or distinguished nodes is arbitrary. The asterisk designates the DXYS156-Y consensus state for sub-Saharan Africans and corresponds to the following sequence (alternative nomenclature indicated in parentheses; for details see Kayser et al. 1997; Karafet et al. 1998 ): DYS19-15 repeats (194 bp), DXYS156-Y-11 repeats (160 bp), DYS390-24 repeats (215 bp), DYS391-9 repeats (279 bp), DYS392-11 repeats (248 bp), DYS393-13 repeats (124 bp).
Mutational History at DYS390
Inspection of the variants table (table 2) reveals that no intermediate lengths exist between eight and four repeats at DYS390.1 in the data set. There are three plausible explanations for this finding: (1) A multirepeat deletion event would leave no intermediates. (2) A rapid, causally connected sequence of single-step losses, possibly in one individual or in one evolutionary lineage, would probably leave no intermediates. We consider this mechanism equivalent to the first. (3) Independent single-step losses may have occurred, the intermediates having been lost through selection or genetic drift. The third hypothesis appears less likely than the first two for the following reasons. Genetic selection cannot be ruled out, but appears to be unlikely, as it would require specific negative selection on the intermediates. As to drift, the phylogenetic analysis ( fig. 2 ) of all the loci demonstrates that the loss of repeats at DYS390.1 leading to A42 has occurred only once in the evolutionary history of this population sample, indicating that the hypothetical stepwise mutation rate at DYS390.1 should be very slow compared with those of the other loci. The hypothetical stepwise mutation rate at DYS390.1 is quantified in table 3. Given this slow relative rate, there should have been ample time for length intermediates (leading to A42 in fig. 2 ) to proliferate. It is therefore more likely that all or most of the four repeats in the branch to A42 were deleted in one event.
In contrast, the Papuan short alleles appear to have been lost sequentially, with the 390.3 unit being deleted first and three 390.2 repeats being deleted later, if the most parsimonious solution offered by the network is accepted. An alternative, less parsimonious, solution involving a point mutation changing CTGT to CTAT at DYS390.3, with subsequent CTAT losses, should be kept in mind until further data are available. A third possibility is a multirepeat deletion with subsequent partial replenishing. In any case, a subnetwork ( fig. 3 ) of individuals with the deletion at DYS390.3 illustrates that the loss of the point-mutated motif DYS390.3 has not inhibited the overall variability of DYS390 (table 3) , since 5 of the 12 subsequent mutation events in the subnetwork occur at DYS390.
Conclusions
In contrast to simple STRs with only one repeat motif, the composite tandem array of the DYS390 STR offers the opportunity to investigate which part of an allele was involved in mutational change. To clarify the evolution of unusually short variants of DYS390, we typed this locus in Australians and Papuans, for which these rare variants are more common. In the case of the 5Ј deleted Aboriginal allele variants, the phylogenetic analysis suggests that all the deleted variants arose in one lineage and that the deletion most probably occurred as a multirepeat deletion rather than in a stepwise fashion. In the case of the 3Ј deleted DYS390 variants for the Papuans and Samoans, a point-mutated unit separating two CTAT repeat stretches is removed, similar to a deletion in an autosomal STR in the same population sample (Brinkmann, Meyer, and Junge 1996) . The phylogenetic analysis most parsimoniously suggests that the point-mutated unit 390.3 was lost independently of pre- ceding or subsequent 3Ј DYS390 deletions, in agreement with the stepwise mutation model. DYS390 retains its variability after the loss of DYS390.3. However, a larger sample size is required to investigate the precise events involving the loss of DYS390.3.
There are implications for forensics, population genetics, and the data analysis itself. Characteristic deletions leading to DYS390 allele lengths of 18-22 are rare events and render them valuable population-specific markers, e.g., to complement mtDNA studies on prehistoric migrations in the Pacific area and to initiate Y-chromosomal studies on the settlement of Australia. For forensic and, particularly, paternitytesting purposes, the reality of multirepeat deletions is relevant in the case in which putative relatives differ by only one such deletion. Exclusion probability calculations should then, of course, treat such deletions as one event. The fact that the stepwise mutation model is occasionally violated fortunately does not seem to have an immediate impact on coding data for phylogenetic analysis; as is seen in figure 2 , the phylogenetic algorithm detects multirepeat deletions as single events, although the data were coded according to the stepwise mutation model.
